InGaN-based nanorods with a rod density of ϳ3.0ϫ 10 10 cm −2 were fabricated from a light-emitting diode structure by an inductively coupled plasma dry-etching with nanoscale nickel metal islands. The nanoscale nickel metal islands were formed from a Ni film by a rapid thermal annealing at 850°C for 1 min. The influence of thicknesses of Ni metal film on the diameter and density of nanorods was also investigated. Structural and optical properties of the InGaN-based nanorods were studied with field-emission scanning electron microscopy, transmission electron microscopy, and photoluminescence. The diameters and heights of nanorods were estimated to be 60-100 nm and more than 0.28 m, respectively. The emission-peak wavelength of nanorods showed a blueshift of 5.1 nm from that of the bulk structure. An enhancement by a factor of five times in photoluminescence intensity of nanorods compared to that of the bulk structure was also observed in this work. The blueshift is attributed to the strain relaxation in the well, quantum-confinement effect, or a combination of the two, which result in the enhancement in emission intensity.
I. INTRODUCTION
InGaN-based nitride semiconductors have attracted much attention for applications in the optoelectronic devices and high-temperature/power electronic devices in the visible light region. 1 In particular, InGaN / GaN multiple quantum wells ͑MQWs͒ are being used as the active layers for optical devices such as light-emitting diodes ͑LEDs͒ and laser diodes ͑LDs͒. [2] [3] [4] Recently, due to the rapid development of nanostructure fabrication methods, optical and electronic properties have been studied for potential applications on optoelectronic devices such as quantum cryptography, quantum information, and nano-light-emitting devices. For nanoscale nitride structures, until now, several nitride nanostructures have been produced by various fabrication methods, such as inductively coupled plasma reactive-ion etching ͑ICP-RIE͒ without a mask, 5 synthesis using carbon nanotubes as templates, 6 and the growth of single-crystal GaN nanorods by hydride vapor-phase epitaxy. 7 However, all of these reported methods are relatively complicated, and their structures without active layers are not quite appropriate for optoelectronic device applications. It has been demonstrated that it is possible to form nanometer-sized nickel ͑Ni͒ islands by choosing the correct initial Ni thickness, annealing temperature, and annealing time. 8 In this article, we present a method to fabricate high-density InGaN / GaN MQWs nanorods by an ICP-RIE dry-etching technique with nanoscale Ni metal islands. The structural and optical properties were examined with field-emission scanning electron microscopy ͑FESEM͒, transmission electron microscopy ͑TEM͒, and photoluminescence ͑PL͒.
II. EXPERIMENT
The LED wafers were grown by an atmospheric-pressure, two-flow, metal-organic chemical vapor deposition ͑MOCVD͒ system on c-axis sapphire substrates. The substrates were initially treated in H 2 ambient at 1100°C for thermal cleaning; then a 30 nm thick GaN nucleation layer was grown at 550°C. Five periods of InGaN / GaN MQWs with a photoluminescence wavelength of ϳ451.9 nm were grown after growing a 3 m thick silicon-doped GaN layer on the nucleation layer at 1150°C. Finally a 0.1 m thick magnesium ͑Mg͒-doped GaN layer was grown on top of the InGaN / GaN MQWs at a high temperature. The estimated In composition of 0.15 was determined by x-ray diffraction ͑XRD͒.
The processing flowchart for the InGaN / GaN MQWs nanorods is shown in Fig. 1 . First, a 300 nm thick SiN thin film was deposited on the samples by a plasma-enhanced chemical-vapor deposition ͑PECVD͒ system, followed by the electron-beam evaporation of a Ni metal film. Then a rapid thermal annealing ͑RTA͒ at 850°C for 1 min under a nitrogen ambiance to produce nano-sized Ni metal islands on the SiN film surface. It should be noted here that the annealing time of 1 min was performed for sufficient energy to ensure that all Ni metal islands were isolated. An RIE was conducted to etch the SiN film using a gas-mixture condition of CF 4 /O 2 to transfer the patterns of nano-size Ni metal islands down to the SiN layer. Therefore, the Ni/ SiN pillars were fabricated as a nanomask following the etching process. The samples were then etched down to the n-type GaN layer by ICP-RIE ͑SAMCO ICP-RIE 101iPH͒ using a gas mixture condition of Cl 2 / Ar= 50/ 20 sccm with a ICP source power, a bias power set at 400/ 100 W, and a chamber pressure of a͒ Author to whom correspondence should be addressed; electronic mail: stevenhuang@truelight.com.tw 5 mTorr for 3 min of etching time. Finally, the Ni/ SiN pillars were removed by a buffer oxide etchant to expose the InGaN / GaN MQWs nanorods.
After all these processes, the dimension and density of the InGaN / GaN MQWs nanorods were measured by the FESEM ͑Hitachi FE-SEM S-5000͒ and TEM. The optical properties were studied by PL measurements at room temperature. Samples were excited by a 325 nm He-Cd laser line with an excitation power of 25 mW and the emitted luminescence light was collected through a 0.32 m spectrometer with a charge-coupled device ͑CCD͒ detector. The best spectral resolution of this measurement system is about 1 nm with a 300 grooves/ mm grating.
III. RESULTS AND DISCUSSION
We estimate the mean dimension and density of the GaNbased nanorod LEDs as a function of the RTA temperature, as shown in Fig. 2 . However, the operation RTA temperature condition under 700°C was unable to form the Ni nanoislands. The nanorods density was estimated to be around 2-3ϫ 10 9 cm −2 and there are no obvious changes on nanorod densities as the RTA temperature increases from 800°C to 900°C with a 150 Å thick Ni film. The diameter of nanorods was about 120-220 nm as the RTA temperature ranged from 800°C to 900°C. It has been reported that the thickness of the initial metal film can play an important role in determining surface morphology at a given annealing temperature.
11,12 Thus, we examined the influence of using several different thicknesses of initial Ni metal film of 50, 100, and 150 Å to investigate this effect. The mean diameter and density of nanorods as a function of thicknesses of initial Ni metal film were shown in Fig. 3 . It is noted that the isolated Ni nanoislands could form for all samples with different thickness of initial Ni film at a RTA condition of 850°C for 1 min examined from surface morphology measurements. In Fig. 3 , with an increasing thickness of the initial Ni metal film from 50 to 150 Å, the nanorods density decreased from 3 ϫ 10 10 to 2.2ϫ 10 9 cm −2 and the nanorod mean diameter increased from 60 to 150 nm. The origin of a decrease in nanorod density may be due to an increase in the dimension of Ni metal islands as the initial Ni metal layer increases, resulting in an increase in the mean dimension of nanorods.
As shown in the SEM images of Fig. 4͑a͒ , of Ni/SiN nanomask images, the diameter of Ni/ SiN etching masks were ϳ200/ 150 nm and Ni cluster height was ϳ100 nm. The SEM image of InGaN-based nanorods fabricated by the ICP-RIE dry etching with Ni metal nanoislands is shown in Fig. 4͑b͒ . In the radial direction, the nanorods exhibited a circular geometry indicating an isotropic, homogeneous etch. A rod number density of nanorods is in the order of ϳ3.0 The nanorod is more than 0.28 m in length as examined from the TEM image, indicating a high aspect-ratio etch. The nanorod has a larger diameter at the top than at its bottom, and its sidewalls were sloped and slightly rough. We attribute the imperfect sidewalls and lateral dimension to mask erosion and ion damage during the dry-etch processing. Taking the room-temperature lattice constant of Ni to be 3.52 Å and that of the corresponding crystalline SiN surface to be 7.61 Å in the a-direction and 2.91 Å in the c-direction yields room-temperature strains of a͑SiN/Ni͒ = −53% and c͑SiN/Ni͒ = 21%, respectively. This means that the deposition of Ni on SiN results in a large degree of compression in the a-direction and tensile strain in the c-direction. Therefore, the formation of isolated Ni nanoislands on the SiN surface was performed during a thermal treatment, which was similar to the result in Ref. 8 . Figure 6 compares the normalized PL spectra from the bulk structure and the InGaN-based nanorods measured at room temperature. The PL spectra cover the spectral range from 410 to 490 nm. The excitation power density was 1.5 W / cm 2 in both cases. The dominant-emission peak wavelengths for the bulk structure and the nanorods are 451.9 and 446.8 nm, respectively. A blueshift of 5.1 nm in the peak wavelength of the nanorods in the PL spectra has been observed ͑compared to the bulk structure sample͒. The blueshift can be attributed to the strain relaxation in the well, 11 quantum confinement effect, 7, 12 or a combination of the two. It has been proposed that piezoelectric fields due to a mismatch-induced strain in In 1−x Ga x N / GaN QWs. In the presence of the piezoelectric field, the electron and hole wave function separate spatially, leading to a reduced overlap and a reduced recombination rate. The results in Ref. 13 showed that strain relaxations were observed in GaN pillars with diameters of 1 m and less. Hence, our 60-100 nm nanorods should experience a strain relaxation in the well. The amount of the reduced piezoelectric field can be estimated to be around 31.5 meV/ 5 nm= 0.063 MV/ cm, where 5 nm is the well thickness. In addition, the PL intensity in the nanorods is enhanced by a factor of about five times that of the bulk emission. The enhancement could be due to the better overlap of the electron and hole wave functions with a reduced piezoelectric field, and an increase of the radiative recombination rate. The light scattering off the etched sidewalls and increases of surface area of the nanorods could also increase the PL intensity.
IV. CONCLUSION
InGaN-based nanorods with diameters of 60-100 nm and a height of more than 0.28 m have been fabricated by ICP-RIE dry etching with Ni metal nanoislands. The PL peak wavelength of nanorods was located at 446.8 nm and showed a blueshift of 5.1 nm from that of the bulk structure. The blueshift may be due to the strain relaxation in the QWs, quantum confinement effect, or a combination of the two. The enhancement in emission intensity of the nanorods by a factor of five times compared to the bulk emission was observed in this work, due to the better overlap of the electron and hole wave functions, with a reduced piezoelectric field and an increase of the radiative recombination rate. The light scattering off the etched sidewalls of nanorods could also increase the PL intensity. The use of the present fabrication method should be applicable for fabricating InGaN-based nano-light-emitting devices.
